The constant nutrient addition technique has been used extensively to measure nutrient uptake in streams. However, this technique is impractical for large streams, and the pulse nutrient addition (PNA) has been suggested as an alternative. We developed a computer model to simulate Monod kinetics nutrient uptake in large rivers and used this model to evaluate the sensitivity of the PNA technique. We parameterize our model using the average hydrogeomorphological estimates from a pulse release study of ammonium in the Snake River, WY, and used this study to demonstrate how data from a field experiment can be effectively analyzed using a simulation model. To evaluate the sensitivity of the PNA technique, we manipulated the hydrogeomorphology and uptake kinetics of our stream model, simulated a pulse ammonium addition, and measured the downstream response in our model as if it were a field experiment, while ammonium areal uptake at ambient concentration was kept unchanged in the model. Ammonium uptake estimates by the PNA technique were different from the uptake in our model and these differences were nonrandom. The difference was greatest when velocity was high and there was little solute spread, either in the water column or from exchange with transient storage. The difference was also high when the half saturation coefficient for uptake was low. Our estimates of ammonium uptake under the assumption of Monod kinetics were higher than those under the assumption of first-order kinetics based on direct calculation from the experimental data.
Biological nutrient use is a key component of nutrient spiraling (Webster and Patten 1979; Newbold et al. 1981 Newbold et al. , 1982 in streams (e.g., Elwood et al. 1981; Rosemond et al. 1993; Martin et al. 2001) . In nutrient spiraling, stream organisms take up nutrients from the water column and use these nutrients for production. Uptake length (S w ) is the estimated distance a nutrient molecule travels in the water column before it is used by biotic or abiotic processes Webster and Valett 2006) . It is also a measure of nutrient use efficiency in streams (Mulholland et al. 2002) . In most stream nutrient studies, biological uptake within a reach has been assumed to be linearly proportional to the nutrient concentration in the water column (first-order kinetics) regardless of any abiotic and biotic factors that may change the relationship Kemp and Dodds 2002; Earl et al. 2006) . Another way to model nutrient uptake flux and nutrient concentration is to use Monod kinetics (Michaelis-Menten function, non-linear) (e.g., Bothwell 1989; Dodds et al. 2002; Mulholland et al. 2002; Claessens and Tague 2009) in which the nutrient supply has a saturation effect on biological uptake. Although Monod kinetics is a logical choice to represent the uptake process, its parameters (maximum uptake and half-saturation coefficient) are difficult to measure in streams because they require a series of nutrient addition experiments.
For the constant nutrient addition technique, the nutrient concentration is elevated above the ambient nutrient concentration for several hours over an entire reach. Mulholland et al. (2002) showed that the uptake length at an elevated nutrient concentration overestimated the "true" uptake length at ambient nutrient concentration. This is because biotic uptake does not increase linearly with nutrient concentration but rather increases asymptotically, consistent with a model such as the Monod model for nutrient kinetics. However, uptake lengths at different elevated nutrient concentrations can be used to calculate the "true" uptake length at ambient concentration using the technique developed by Payn et al. (2005) .
In large river systems, the constant nutrient addition technique is impractical due to the large amount of nutrient required to elevate nutrient concentration in an entire reach (Tank et al. 2008) . Therefore, a pulse nutrient addition tech-nique (PNA technique) was suggested as an alternative for uptake measurement in large streams. This technique was first used by Meals et al. (1999) and more recently used to estimate nutrient uptake parameters by Tank et al. (2008) and Powers et al. (2009) . Using the PNA technique, a slug of nutrient and biological conservative tracer is released, and their concentrations are monitored at several downstream stations. To measure nutrient uptake, Tank et al. (2008) (TPNA technique) calculated the total mass of nutrient and conservative tracer at each station by time integration. The logarithmic change in the ratio of nutrient mass to conservative tracer mass over downstream distance represented the longitudinal uptake rate. In the constant nutrient addition technique, the addition can be kept very small to minimize saturation effects. However, the PNA technique requires a relatively large but shortterm nutrient elevation and sometimes leads to large enrichment relative to ambient conditions. Although the limitations of the PNA technique may be understood conceptually, the quantitative impacts of different hydrogeomorphology and different uptake saturation levels on the PNA technique have not been documented.
In this study, our objectives were (1) to develop a computer model to simulate nutrient uptake in a large river and quantitatively evaluate the sensitivity of the TPNA technique to different hydrogeomorphology and uptake saturation levels; and (2) to demonstrate how data from a field PNA experiment can be effectively analyzed to estimate nutrient uptake using a simulation model. We parameterize our model using the average hydrogeomorphological estimates of the Snake River, WY (Tank et al. 2008 ).
Materials and procedures

Model development
We began with the basic model of advection and longitudinal dispersion, including inflow, transient storage, and nutrient uptake in the water column and transient storage (e.g., Bencala and Walters 1983; Runkel 1998 ), but we did not include lateral inflow as the data of Tank et al. (2008) did not indicate a downstream increase in discharge:
(1) (2) C is nutrient concentration in the water column, C s is nutrient concentration in transient storage, Q is discharge, D is the longitudinal dispersion coefficient, and 〈 is the exchange rate between transient storage and water column. A is channel cross-sectional area, A s is cross-sectional area of transient storage, and U c and U s are nutrient uptake fluxes in the stream channel and transient storage. M c and M s are nutrient mineralization fluxes in the stream channel and transient storage. In our model, these mineralization fluxes were equal to nutrient uptake (U c and U s ) at the ambient nutrient level and remained constant throughout the simulations.
We kept discharge (Q) and channel cross sectional area (A) constant within a reach. Biotic nutrient uptake fluxes were simulated using Monod kinetics functions: ) in transient storage, k c1/2 and k s1/2 are the half-saturation coefficients for nutrient uptake in the stream channel and transient storage, and z is water depth.
Model parameters for sensitivity analysis
Model parameters for both sensitivity analysis and uptake estimation were based on the study of the Snake River by Tank et al. (2008) (Tables 1 and 2 /s (based on morphology and salt travel time). They added 276 kg Cl (as NaCl) and 5.7 kg N (as [NH 4 ] 2 SO 4 ) to the river in a few seconds (3-5). We adapted the chloride data of Tank et al. (2008) into the OTIS-P model (Runkel 1998 ) and estimated hydrogeomorphological parameters for our simulated river in the sensitivity analysis. Specifically, we divided the reach into the four sub-reaches between sampling stations because we were unable to estimate reasonable values using the whole reach due to spatial variability within the reach. We then used the sub-reach length-weighted average for our sensitivity analysis (based on salt travel time). Throughout the manuscript, we use "ambient uptake" to refer to these values. For our first four sensitivity analyses (Monod kinetics uptake parameters, velocity, cross-sectional area, and channelstorage exchange rate), we assumed that 1) nutrient uptake in the river was solely in the stream channel or solely in transient storage and 2) at the ambient nutrient concentration (C 0 ) Monod kinetics uptake in the stream channel or in transient storage was equal to the total areal uptake flux (U = 0.51 µg N m -2 s -1 ) in the stream channel so that . For our last sensitivity analysis (nutrient uptake in both channel and storage), the areal uptake of 0.51 µg N m -2 s -1 was the sum of uptake in both channel and storage. Assuming both k c1/2 and k s1/2 are equal, we approximated both U cmax and U smax as
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where g is the proportion of areal nutrient uptake by uptake in the stream channel.
Model parameters for nutrient uptake estimation in the Snake River
We estimated ambient nutrient uptake in the Snake River using our model (Eq. 1 and 2) under an assumption of the Monod kinetics uptake by fitting our simulations to the results presented by Tank et al. (2008) . We used the four sub-reach hydrogeomorphological estimates of the Snake River for uptake estimation (Table 2) .
Numerical methods
To simulate nitrogen uptake through time and along downstream distance, we used the fractional steps numerical method (Yanenko 1971) to solve the partial differential equations (Eq. 1 and 2). This method was originally used to simplify a multi-dimensional system into a sum of one-dimensional subsystems. Later, it was used to partition a complicated system with many processes into several subsystems with single process, where one was nested within a following one (Tsai et al. 2001; Ropp and Shadid 2005; Ropp and Shadid 2009 ). Ropp and Shadid (2005, 2009 ) and Witek et al. (2008) used the fractional steps method for advection-diffusion-reaction systems. Based on fractional steps, the first equation of the model (Eq. 1) was partitioned into three subsystems.
(6) (7) (8) where C 1 = C, C 2 is the integration of C 1 , and C 3 is the integration of C 2 .
We used the Lagrangian approach to solve the advection Eq. 6 and substituted the solution into the dispersion Eq. 7. Using a Eularian method with 0.01-m spatial scale and 1-s temporal scale, we numerically solved Eqs. 7 and 8 in order. This numerical solution of the model was coded in JAVA and simulated with parallel processing on a computer with a dual core processor. The numerical solution technique by the fractional steps method was compared with OTIS results using an example provided in the OTIS documentation (Runkel 1998) . Numerical solutions from our model and OTIS were mostly identical, except for some very small differences (mean square difference was 0.013 when we compared both numerical solutions), which may be attributed to the different numerical techniques.
Sensitivity analysis
The model was used to simulate a series of pulse nitrogen additions under different hydrogeomorphological conditions and Monod kinetics uptake parameter values. The release point was at 0 m, and there were four downstream sampling sites (1330, 1430, 1750, and 2610 m) to monitor the downstream response. Nutrient was released at time zero. The downstream movement of the nutrient pulse was simulated over 30 h. We then calculated spiraling metrics (S w and U, Newbold et al. 1982; Stream Solute Workshop 1990; Webster and Valett 2006) according to the TPNA technique as if our simulation was a field experiment. By measuring mass loss of the nutrient pulse as it moved downstream, the longitudinal uptake rate (k x ) was calculated as the slope of the logarithmic transformed ratio of the remaining nutrient mass to conservative tracer mass over distance. Uptake length was calculated as the inverse of the longitudinal uptake rate (k x ), and areal uptake was calculated as U = k x vzC 0 (Webster and Valett 2006) . We compared the uptake length and areal uptake by the TPNA technique with the expected uptake length of 2000 m and areal uptake of 0.51 µg N m -2 s -1 in our simulated large river. The half-saturation coefficient of the Monod kinetics equation was manipulated from 5 to 500 µg N L -1 to explore sensitivity of the TPNA technique to different uptake saturation levels. Payn et al. (2005) reported that half-saturation coefficient for nitrogen ranged from 6 to 32 µg N L -1 and Dodds et al. (2002) . We chose half-saturation coefficients up to 500 µg N L -1 to determine whether uptake estimates at high uptake saturation levels would converge to the uptake estimate under first-order kinetics assumption. Three hydrogeomorphological parameters (v, a, and A s ) were also manipulated independently with three uptake saturation levels while all other hydrogeomorphological parameters were unchanged. The three uptake saturation levels were based on the half-saturation coefficient values of 5, 15, and 50 µg N L -1 . The areal uptake flux (U) at the ambient nutrient concentration was unchanged for all simulations. That is, when we changed k c1/2 , U cmax was changed accordingly (Eq. 4), so that at k c1/2 = 5 µg N L For the first four sensitivity analyses, nutrient uptake in the stream was solely in the stream channel or solely in transient storage. We ran simulations for both uptake scenarios and found that the results were similar, having the same patterns.
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Hence, we only show the results for uptake in the stream channel. For our last sensitivity analysis (nutrient uptake in both channel and storage), the areal uptake as the sum of uptake in both channel and storage was unchanged while the combinations of uptake in channel and storage were manipulated.
Assessment
Our study is based on the assumption of Monod kinetics nutrient uptake. Many studies (e.g., Dodds et al. 2002; Mulholland et al. 2002; Payn et al. 2005; Earl et al. 2006) suggested that nutrient uptake could be saturated at high nutrient concentrations, even in large rivers (Mulholland et al. 2008 ). However, parameters (half-saturation coefficient and maximum nutrient uptake) of Monod kinetics are difficult to measure in a stream because it requires many nutrient uptake measures at different nutrient concentration levels (including highly saturated nutrient concentration levels) to characterize the Monod kinetic uptake curve. Furthermore, the effort needed to use the constant nutrient addition technique for nutrient uptake measures at many different nutrient concentration levels in a single stream makes it nearly impractical. Consequently, nutrient uptake measures using the constant nutrient addition technique have not aimed to find the Monod kinetics uptake curve but to estimate nutrient uptake at ambient nutrient concentration by using small nutrient enrichments relative to the ambient nutrient concentration.
The PNA technique, on the other hand, can lead to a large enrichment relative to ambient conditions. Therefore, nutrient saturation is a concern. Powers et al. (2009) tested the TPNA technique under an assumption of first-order nutrient uptake kinetics. As an extension of that study, we tested the TPNA technique under the Monod kinetics nutrient uptake assumption. Manipulation of half-saturation coefficient from low to high values gave us information on how the TPNA technique performed in various uptake saturation levels and whether uptake estimates at very high saturation level agreed with first-order kinetics.
We manipulated velocity, channel-storage exchange rate, and cross-sectional storage area because they affect the degree of spread of the nutrient pulse as it moves downstream, which further influences the Monod kinetics uptake. To investigate whether these multiple factors influence the TPNA technique and whether these effects are different at various uptake saturation levels, we manipulated velocity, channel-storage exchange rate, and cross-sectional storage area at three different uptake saturation levels. Through the manipulation of these three parameters, we evaluated the sensitivity of the TPNA technique to the multiple effects of hydrogeomorphological factors and the interactions between those factors and the uptake saturation levels. Although the longitudinal dispersion coefficient in general should change the degree of spread of a solute pulse, we did not manipulate the longitudinal dispersion coefficient in the sensitivity analysis because our estimated longitudinal dispersion coefficient was low, and we would not expect significant influence of the longitudinal dispersion coefficient when transient storage exchange is also occurring.
Last, we simulated a pulse nutrient addition and calculated nutrient uptake using the TPNA technique in a large river that had both channel and transient storage zone Monod kinetics uptake. Total uptake was fixed as 0.51 µg N m -2 s -1 at ambient condition. We investigated possible combinations of channel and storage uptake at which the TPNA technique would yield reliable uptake estimates.
Monod kinetics nutrient uptake parameter manipulation
To test whether the TPNA technique was sensitive to uptake saturation levels, we kept areal uptake, 0.51 µg N m -2 s -1 , unchanged, while we varied k c1/2 from 5 µg N L -1 to 500 µg N L -1 . U max was changed correspondingly using Eq. 4. The uptakeestimate curve in Fig. 1 represents the uptake estimates by the TPNA technique at different uptake saturation levels and the
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Fig. 1. Sensitivity of the TPNA technique to the Monod kinetics param-
eters. Uptake-estimate curve represents the uptake estimates by the TNPA technique in a simulated large river at different uptake saturation levels. The expected S w and U are the spiraling metrics at ambient conditions in our simulation.
ambient uptake is the dashed line (expected S w or U). The difference between the uptake-estimate curve and ambient uptake was high at low uptake saturation level and gradually decreased as the uptake saturation level became higher (Fig. 1) . Uptake estimates by the TPNA technique asymptotically approached ambient uptake at very high uptake saturation levels. This result also suggested that uptake estimates by the TPNA technique under first-order and Monod kinetics assumptions converge when the uptake saturation level is very high.
Velocity manipulation
We simulated pulse nutrient additions at velocities ranging from 0.1 to 1.4 m s -1 at each of the three uptake saturation levels. Discharge (Q = vA) and uptake flux (U = k x vzC 0 ) at ambient nutrient concentration were held constant when we changed the current velocity. That is, when we changed velocity (v), cross-sectional area (A), and the longitudinal uptake rate (k x ) were changed accordingly to maintain the same discharge and areal uptake flux. Since water depth (z) could affect uptake (U), we changed the channel width (w) and held depth constant when we corrected cross-sectional area for velocity. When cross-sectional area changed, cross-sectional transient storage area (A s ) was also corrected to keep the ratio A s A -1 unchanged.
All three uptake-estimate curves showed similar patterns, i.e., the difference between the uptake-estimate curve and ambient uptake was small at low velocities and large at high velocities (Fig. 2 ). There were also variations among the uptake-estimate curves. All three uptake-estimate curves had similar values at low velocity, which were close to ambient uptake. As velocity increased, uptakes-estimate curves with lower uptake saturation deviated more from ambient uptake than the ones with higher uptake saturation (Fig. 2) . Results from the sensitivity analysis suggested that velocity affects the degree of spread of the nutrient pulse and further influences nutrient uptake kinetics.
Cross-sectional storage area manipulation
The cross-sectional transient storage area, A s , was changed from 2.0 to 40.0 m 2 , i.e., A s /(A s + A) ranged from 0.09 to 0.67. All three uptake-estimate curves at different uptake saturation levels showed similar patterns, i.e., the difference between the uptake-estimate curve and ambient uptake was large at low A s /(A s + A) and small at high A s /(A s + A) (Fig. 3) . Variations among uptake-estimate curves were also great at low A s /(A s + A). Manipulation of A s suggested that the size of transient storage effected the spread of the nutrient pulse. Greater A s lead to greater spread of the nutrient pulse and less difference between the TPNA estimate and ambient uptake.
Channel-storage exchange rate manipulation
Transient storage and main channel cross-sectional areas were fixed when we manipulated the channel-storage exchange rate, a. By changing a from 0.0002 to 0.003 s To illustrate the influence of exchange rate on a solute pulse, we plotted the conservative tracer pulse passing the last station (2610 m) at different exchange rates (Fig. 4) . At a low exchange rate (0.0002 s -1 ), more than half of the tracer mass passed the 2610-m station in a very short period (Fig.  4) , suggesting low degree of spread. At a medium-low exchange rate (0.0006 s -1 ), the tracer concentration gradually increased and flattened, implying relatively higher degree of spread. For the tracer pulse with a high exchange rate (0.003 s -1 ), most of the tracer went into the storage zone but quickly returned, indicated by the delay in time and the shape of the pulse. Although the tracer easily spread under the high exchange rate, the short storage residence time reduced the effective spread. Fig. 2 . Sensitivity of the TPNA technique to velocity. Uptake-estimate curves represent the uptake estimates by the TNPA technique in a simulated large river at different velocities. The expected Sw and U are the spiraling metrics at ambient conditions in our simulation.
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Our sensitivity analysis showed that all three uptake-estimate curves at different uptake saturation levels had similar patterns. Differences between uptake-estimate curves and ambient uptake declined as exchange rate increased at medium-low exchange rate and then gradually increased. Differences between uptakeestimate curves and ambient uptake were higher with low uptake saturation level and lower with high uptake saturation level, which agreed with the results from Monod kinetic sensitivity analysis. Variations among uptake-estimate curves in this analysis of exchange rate were not as great as those in the sensitivity analysis of velocity and cross-sectional transient storage area. Results suggested that exchange rate could increase or decrease the degree of spread of the nutrient pulse (Fig. 5) but had significant influence on shifting the TPNA technique estimates when the exchange rate was very low (0.0002 -0.0006 s -1 ) or when the uptake saturation level was low.
In general, sensitivity of the TPNA technique to physical characteristics of the river was related to the spread of the nutri-
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Sensitivity analysis of pulse release method 724 Fig. 3 . Sensitivity of the TPNA technique to cross-sectional transient storage area. Symbols are the same as Fig. 2 . Uptake-estimate curves represent the uptake estimates by the TNPA technique in a simulated large river at different As/(As+A). The expected S w and U are the spiraling metrics at ambient conditions in our simulation. Fig. 2 . Uptake-estimate curves represent the uptake estimates by the TNPA technique in a simulated large river at different channel-storage exchange rate. The expected S w and U are the spiraling metrics at ambient conditions in our simulation.
ent pulse. Another way to increase the spread and thus reduce the peak nutrient concentration and the extent of nutrient saturation would be to sample further downstream. To evaluate the impact of sampling distance on nutrient uptake estimation, we doubled and tripled the nominal sampling distances, and estimated nutrient uptake using the TPNA technique at the doubled and tripled distances, respectively. Estimated uptake ( ). The calculated areal uptake by the TPNA technique did not change significantly at different nutrient uptake combinations in channel and storage (Fig. 6 ) but was lower (0.19 µg N m -2 s -1 ) than ambient uptake, regardless whether uptake was in the channel or storage or any combination of the two. Perhaps uptake in the channel or transient storage affected the timing of ammonium uptake but did not affect the mass of ammonium removed and therefore did not affect the estimate of uptake by the TPNA technique.
Discussion
Our results were different from those of Powers et al. (2009) , in which first-order uptake kinetics was assumed. When nutrient uptake follows first-order kinetics, nutrient uptake is linearly proportional to the available nutrient concentration. Total nutrient mass loss is the product of the uptake rate and total nutrient mass, regardless of any hydrogeomorphological influences on the degree of spread of the nutrient pulse. Nutrient uptake measures that rely on nutrient mass loss to calculate spiraling metrics should give reasonable uptake estimates if there is first-order uptake, but Powers et al. (2009) also noted that the TPNA technique might yield different results if uptake was nonlinear, as we have shown in this study. When nutrient uptake follows Monod kinetics, nutrient uptake increases with a decreasing rate as nutrient concentration increases, uptake is less than the first-order uptake kinetics, and this uptake difference increases at higher nutrient concentration. Nutrient mass loss at downstream stations, hence, does not represent nutrient uptake at ambient nutrient concentration. Furthermore, hydrogeomorphological parameters (e.g., velocity, cross-sectional storage area, and channel-storage exchange rate) also change the degree of spread of the nutrient pulse and further affect uptake both spatially and temporally.
Results from our analyses of the TPNA technique would be restricted by two conditions: first, nutrient uptake in the experimental stream follows Monod kinetics; second, concentrations during the nutrient pulse approach nutrient saturation. For stream study reaches that have high lateral inflow or groundwater input, the nutrient pulse would be diluted as it travels downstream, which may reduce the chance of nutrient saturation. Further research would be needed to completely understand the effects of dilution by lateral inflow or groundwater input to the TPNA technique. Runkel (2007) recommended the use of time-series data and the quantification of a dynamic model to evaluate solute transport and uptake in streams. We extend his recommendation by emphasizing the need to use nonlinear uptake, such as Monod kinetics. To exemplify this approach, we used the ammonium data for the Snake River (Tank et al. 2008) . We partitioned the 2610-m full reach into four sub-reaches based on the sampling sites and used the OTIS-P model (Runkel 1998) to estimate the hydrogeomorphological parameters for each reach (Table 2 and Fig. 6 upper) . Monod kinetic parameters (Eq. 3) were estimated by fitting the simulated ammonium concentration to the data from the Snake River in each sub-reach. Two metrics, Absolute Median Error (AME) and Mean Absolute Error (MAE), were used to evaluate the goodness of fit of our model. We tested different combinations of k 1/2 (ranging from 5 to 26) and U max (0.07 to 19.14), and selected the Monod kinetic parameters that yielded the smallest AME and MAE values. Using Eq. 3, we calculated areal uptake at ambient ammonium concentration using the fitted Monod kinetic parameters in each sub-reach (Table 2 ). Since we do not know the proportions of uptake in the stream channel and in transient storage, we made two uptake estimates: uptake in the stream channel only and uptake in transient storage only (Fig. 6 lower) . The model using storage uptake performed better when fitting the observed peaks while the model using channel uptake performed better when fitting the observed falling limbs at the first three stations (1330 m, 1430 m, and 1750 m). At the last station (2610 m), the model using channel uptake fit the observed better than the model using storage uptake. Both channel and storage uptake analyses showed that nutrient areal uptake in the first sub-reach was the highest, followed by the third, second, and fourth sub-reaches (Table 2) . Our estimated half-saturation coefficient was lower than the peak enrichment of ammonium in each sub-reach, which further supported our assumption that nutrient saturation likely occurred in the Snake River during the nutrient pulse injection by Tank et al. (2008) . We calculated the full reach areal uptake as the weighted average of areal uptake in the four sub-reaches. The full reach areal uptake was 1.67 µg N m -2 s -1 (uptake length 616 m, uptake in channel only) and 1.18 µg N m -2 s -1 (uptake length 873 m, uptake in storage only), which are both more than double the estimated uptake calculated by Tank et al. (2008) .
Recommendation
The difference between our uptake estimate and the estimates by Tank et al. (2008) can be attributed to different nutrient uptake functional responses: Monod kinetics and firstorder kinetics. Without further investigations, the two estimates could be thought as the lower and upper bounds of estimated ammonium uptake in the Snake River. In general, nutrient uptake saturation levels are unknown in large rivers, but our results suggest that the pulse addition resulted in ammonium concentration that approached, or in some cases, exceeded saturation resulting in an underestimate of ambient ammonium uptake.
One limitation of our modeling approach is our assumption of nutrient-independent mineralization from the biofilm to the water column over the period of the experiment. This may have led to an underestimate of biological nutrient uptake. For example, in our model, in-stream nutrient mineralization was a constant nutrient flux to the stream, independent of nutrient concentration. The modeled stream reach was assumed to be at steady state before the pulse release of nutrient, i.e., nutrient mineralization was equal to U at the ambient nutrient concentration and net nutrient uptake was zero. As the pulse of nutrient was released to our modeled stream reach, it elevated the in-stream nutrient concentration above ambient and led to an increase in nutrient uptake but no effect on nutrient mineralization. When we used the model simulation to fit the observed data with a constant mineralization flux, the uptake value we estimated may have been smaller than what it should have been. If we were to include variable mineralization in our model, it would further elevate our estimate of ammonium uptake.
In conclusion, the TPNA technique is sensitive to both hydrogeomorphology and Monod kinetic parameters. It may be possible to use the PNA technique to quantify a fully dynamic model and obtain useful information about stream nutrient dynamics in a large river. In various studies, models have been used to estimate the retention of nutrients, particularly nitrogen, by rivers (Alexander et al. 2000; Peterson et al. 2001; Wollheim et al. 2006; Mulholland et al. 2008 ). These studies have generally emphasized the role of small streams in retaining or removing nutrient from the river network and noted the need for data on large rivers, though Wollheim et al. (2006) showed high potential of large rivers for nutrient retention. Empirical measurements in large rivers are costly, timeconsuming, and daunting, but our results suggest that thorough analysis of the data may provide useful estimates of river processes. Covino and others (2010a, 2010b) suggested an alternative analysis of the breakthrough curve generated by pulse addition, which may be more useful than the method analyzed in this study. However, sensitivity analyses are needed to verify this alterative PNA technique.
